The effect of the CeO 2 doped in 60P 2 O 5 9B 2 O 3 21ZnO glasses on the crystallization kinetics and hydrophobic properties was investigated. The kinetic parameters, activation energy for crystallization (E c ), and Avrami constant (n) were evaluated under non-isothermal conditions using differential thermal analysis (DTA) performed for a range of heating rates. Each DTA curve exhibited one exothermic peak associated with the crystallization of the glass. X-ray diffractometry (XRD) analysis identified the crystalline phase as BPO 4 and CePO 4 . The calculated values of the activation energies for the glass samples were obtained using the Kissinger and the Marotta methods. The hydrophobic properties as a function of the CeO 2 content were identified by water contact angle goniometer. The results indicated that the water contact angle increased as the doped of CeO 2 . However, as crystallization progressed within the glass samples, the water contact angles decreased.
Introduction
Currently, researchers are working on the development of a hydrophobic ceramic material. Hydrophobic and super-hydrophobic solid surfaces attract considerable attention in scientific and industrial fields, due to their unique properties of self-cleaning, anti-fogging, anti-sticking, and anti-contamination. In particular, studies are in progress which use the solgel process to develop a hydrophobic conductor 1) and hydrophobic membrane that is suitable for use in biomaterials.
2) However these studies could not produce super hydrophobic property of glass. In order to develop super hydrophobic glass surfaces, research is in progress to increase the roughness of the glass surface or to decrease its surface energy.
3),4) However theses ways also have problems that could not abidingly keep hydrophobic property. Among the rare earth oxides, which have excellent hydrophobic ability and optical properties, cerium oxide in particular has been studied extensively for its reduction behavior and non-stoichiometry, 5 ), 6) oxygen storage capacity, 7)9) and metal-ceria interactions.
10), 11) Cerium oxide is also used in phosphate-based glasses. Because these types of glasses are capable of containing large amounts of CeO 2 as compared to silicate-based glasses, the characteristics of cerium oxide in these glasses have actively been studied. 12) Also borophosphate glasses are considered promising candidates for different applications in electronic industries, such as display panels, low-temperature co-fired ceramics and packing, due to their low softening temperature, low dielectric constant, and high electrical resistance. In order to decrease the sintering temperature of these glasses, some alkali or bivalent metal oxides must be added, often at the expense of dielectric properties as well as crystallization behavior. However, this composition has not been widely studied about hydrophobic property.
In the study of these cerium phosphate-based glasses, analysis of the structural and optical properties were prevalent.
13)15) However studies of the hydrophobic properties of cerium oxide 16)19) are very limited. In order to study cerium phosphate glasses, previous research related to the crystallization is very important. The studies are related to crystallization of cerium phosphate glasses, precipitation of CePO 4 by heat-treated the cerium phosphate glass has been demonstrated. 20) In the present work, we focus our attention on the crystallization kinetics of CeO 2 ZnOB 2 O 3 P 2 O 5 glass that is the most close composition to the practical use because of its chemical stability. 21 ),22) Furthermore, we apply glass enamel process to the development of self-cleaning and anti-contamination materials. Also, we precipitate CeO 2 on the glass enamel by heat processing and confirmed the increase of hydrophobic properties for the glass enamel.
Experimental procedures

Glass preparation
Borophosphate glass with the composition 60P 2 O 5 9B 2 O 3 21ZnO (wt%) was used. This composition was chosen because of its chemical stability. Glass samples with CeO 2 10 wt% were prepared, using NH 4 H 2 PO 4 , B 2 O 3 , ZnO, and CeO 2 , all having purities greater than 99.9%. The mixture was placed in an alumina crucible and melted in electrically heated furnace under ordinary atmospheric conditions at a temperature of 1123 K for approximately 30 min. The purpose of this process was to remove the ammonia, carbonate, and water from the batch and to minimize the tendency for subsequent phosphate volatilization. The temperature was then increased gradually to 1573 K and maintained at that temperature for 60 min to homogenize the melt. The melt was quenched by pouring it onto a plate. The glass was then annealed for 2 h at 773 K (slightly higher than the glass transition temperature) to remove the residual stress in the specimen.
23) The asquenched glass was ground, screened through a 44¯m mesh, and stored in a 373 K oven to prevent the introduction of moisture until it was required for the DTA measurements.
Measurements and analysis
The crystallization kinetics were investigated by non-isother-mal differential thermal analysis (DTA), which is easier and faster than the isothermal method. 24 ), 25) In order to determine the kinetic parameters of the sample, DTA measurements were performed using approximately 30 mg of the heat-treated glass powders (particle size 44¯m) in an air atmosphere at heating rates of 5, 10, 15, and 20°C/min up to 1173 K. Model Q600 SDT (TA Instruments) and an alumina cell were used.The DTA results were further analyzed to obtain the crystallization mode and the activation energy values for the crystallization of each sample using the Kissinger, 25) Marotta, 26) and Ozawa 27) methods. The slope of each graph was determined by the method of least squares method.
In order to identify the crystalline phases formed during the DTA heat treatment, X-ray diffraction (XRD) analysis (Rigaku, Cu-K¡, 30 kV, 20 mA) was carried out. Finally, a water contact angle goniometer was used to measure the hydrophobicity of the glass surface as a function of the CeO 2 crystallization. The microstructure of sintered glass samples was observed using a field emission scanning electron microscope, FE-SEM (ZEISS, DSM 960). SEM observation was carried out in polished surfaces (mirror finishing) that were etched by immersion in 2 vol% HF solution for 2 s. The glass frits were coated by the following procedure. The coatings were fast-fired in an air atmosphere using an electrically heated furnace. The glass was ground and screened with a 44¯m mesh, and then was sprayed onto the surface of a low-carbon steel substrate (SPP steel), producing coatings with thicknesses of 0.680.71¯m. The coating thickness of sample is shown in Fig. 1 . The heating temperatures of 853 K were applied for 30 min, which is a typical enamel sintering cycle.
The phase analysis and crystallization of the heated samples were examined by XRD (Rigaku-Ultima IV). To determine the surfaces' hydrophobicity or hydrophobicity, a contact angle measurement system (Krüss DSA 100 Easy Drop) was used to find the contact angle of water with the coated surfaces. The thickness of coating was analyzed by field emission scanning electron microscopy (FE-SEM, ZEISS, DSM 960).
Results and discussion
Thermal and structural characterization
The DTA curves for the glass powder obtained at different heating rates are presented in Fig. 2 the DTA curves show a first exothermic effect followed by a strong exothermic peak, which are partially overlapped. Figure 3 shows the crystallization exotherms for the DTA curve obtained at a heating rate (¡) of 5 K/min together with an inset where the separation of the two overlapping crystallization peaks is illustrated. The software used for exotherm peak fitting was OrginPro 8. 23) Modeling of the glass (T g , T c , T p ) increased with the increase in heating rate, as shown in Table 1 .
To confirm the nucleation results of the DTA curves, XRD analysis was performed. Figure 4 presents the XRD patterns for the glass samples heated at 10 K/min from room temperature to the indicated temperature and held at each temperature for 1 h. These results show that no crystallization is observed for samples heated at 813 and 853 K (T g < T < T c for all ¡), whereas the samples heated at a temperatures higher than 893 K for 1 h show diffraction peaks. Through Fig. 4 we can confirm that the two exothermic peaks in the DTA curves are the result of crystal phases BPO 4 (peak 1) and CePO 4 (peak 2), respectively.
Kinetic parameters of crystal growth
Among the various methods for determining the activation energy, the Kissinger and Marotta equations were considered. Kissinger developed a method based on determining the temperature of the exothermic peak associated with crystallization, T p , for samples heated at different rates. The Kissinger method is derived from the Johnson-Mehl-Avrami (JMA) model. 25) A faster, easier method for determination of activation energy was developed by Marotta. The Marotta method is also derived from the JMA model. 26) These two methods (Kissinger and Marotta method) are most widely commercialized tools for determining the activation energy. Equations (1) and (2) express the Kissinger and Marotta equations, respectively.
According to Eq. (1), a plot of ln(¡/T p 2 ) inverse 1/T p should be a straight line, and from its slope the verse of E c can be determined. Assuming that, usually, the change of ln(T p 2 ) with ¡ is negligibly small comparing with the change in ln¡, it is possible to write the above Eq. (2) which should be a straight line whose slope also yields the value of E c .
Where ¡ = DTA heating rate, T p = crystallization peak temperature, E c = activation energy for crystallization, R = the universal gas constant (8.3144 J mol ¹1 K ¹1 ) The Kissinger and Marotta plots, for the glass at heating rates of 5, 10, 15, and 20 K/min, are shown in Fig. 5 . The activation energy values were calculated using the slopes from the trend lines in Fig. 5 and the results as shown in Table 2 .
The activation energy values, obtained according to Eqs. (1) and (2), were 663 and 669 kJ/mol for the BPO 4 exothermic peak, respectively. In addition, the activation energy values were 452 and 464 kJ/mol for the CePO 4 exothermic peak, respectively. For both the Kissinger and Marotta equations, the activation energy of the BPO 4 peak was greater than that of the CePO 4 peak.
The activation energy of borophosphate glass is low values compared with silicate glass. Generally activation energy of silicate glass is about 600900 kJ/mol. 28) In this reason, it is difficult to induce crystallization growth in silicate base glass compared with phosphate base glass. Therefore silicate base glass is unsuitable composition for hydrophobic application through surface morphology.
The activation energy of crystallization decreased for the CePO 4 peak, suggesting that either the nucleation for the CePO 4 crystalline phase occurred during the crystallization of the BPO 4 phase, or the BPO 4 phase itself provides adequate sites for the nucleation and growth of the CePO 4 phase. Thus, the activation energy value determined for the peak corresponding to BPO 4 is higher than the activation energy value determined for the peak corresponding to the crystallization of CePO 4 peak.
The fraction of crystallization (») at a specific temperature can be determined from the DTA curves. 29) 31) The fraction crystallized at a given temperature, T, was obtained by the ratio A T /A, where A is the total area of the crystallization peak between temperature T i (where crystallization begins) and temperature T f (where crystallization is completed) and A T is the area between T i and T, as shown schematically in Fig. 6 .
There are several methods for calculating the Avrami constant, n, from the activation energy, but in the present study, the Ozawa Table 1 . Glass transition temperature (T g ), onset crystallization temperatures (T c1 and T c2 ) and maximum crystallization temperatures (T p1 and T p2 ) determined from DTA data obtained at different heating rates Eq. (3) was used. 27) If the Avrami constant is nµ1, then surface crystalline growth is dominant. If the Avrami constant is nµ2, then bulk crystalline growth is dominant.
Where » is the volume fraction crystallized at a fixed temperature, T, at the heating rate, ¡ From the fraction of crystallization value for each heating rate at a particular temperature, n is determined from the slopes of the trend lines for ln [¹ln (1 ¹ x)] as a function of ln¡, as seen in Fig. 7 .
The values of n, obtained from the slope of Fig. 8 
Hydrophobicity and surface characteristics
To confirm the above conclusion, the transformation from the amorphous to the crystalline state was investigated by a detailed SEM analysis of the microstructure of the sintered samples obtained after heating the compacts of glass enamel specimens. Figure 9 (A) shows SEM micrographs of glass enamel specimen surface. It is observed that smooth areas corresponding to sintered at 853 K for 30 min in PZBC0 glass enamel (A). With further heating, as revealed by the SEM micrograph of a glass specimen sintered at 933 K for 30 min PZBC1 (B) and 60 min PZBC2 (C) glass enamels. Figures 9(B) and 9(C), crystalline phases were growth on the surface. This result accorded with Avrami constant (n) value. If the Avrami constant is nµ1, then surface crystalline growth is dominant. If the Avrami constant is nµ2, then bulk crystalline growth is dominant (CePO 4 mean value ©nª = 1.47, BPO 4 mean value ©nª = 2.20). It was showed that 60 min sintered glass enamel had more crystalline phases better than 30 min sintered sample. And EDAX analysis result was showed that sintered glass's surface crystalline phases were CePO 4 .
The contact angle of water drop was measured the glass enamel samples of different sintered schedule; the results were shown in Fig. 10 . These contact angles of water drop were measured 7 times each sample for reliability and deviation of the contact angles about 0.51°. The results were shown in Fig. 11 . We could determine the causes of increase and decrease of hydrophobic property in PZBC glass enamel from these micrographs.
As seen in the figures, the sintered at 853 K for 30 min PZBC0 glass enamel, i.e., a typical phosphate glass, has strong hydrophilic; this was expected from the chemical composition of phosphate glass. The phosphate group is negatively charged, making the head polar. The phosphate heads are thus attracted to the water molecules in their environment. 32) Furthermore, when CeO 2 was added to the phosphate glass, the surface energy of the glass is reduced. The reason for this is that adding CeO 2 which act as network modifiers broken Phosphate chain, POP bonding, and form CeOP bonding. For these reasons, PZBC0 glass enamel couldn't induce the hydrophobic characteristics of CeO 2 . Therefore, the initial prediction that hydrophobic characteristics of CeO 2 will promote hydrophobic properties in borophosphate glass enamel was not proven.
As the glass enamel sintered at 30 min, the contact angle increased up to approximately 85.2°, obtained with PZBC1. In addition, the PZBC2 glass enamel, which was more time sintered, had lower hydrophobicity property than the PZBC1 glass; the glass samples heated at 60 min had lower contact angles than the glass samples heated at 30 min. These results were analyzed through surface morphology characteristics.
Contact angles of the PZBC1, 2 glass enamels heated at 933 K for 30 min and 60 min are shown in Fig. 10 . We can determine the causes of changes of hydrophobicity of the PZBC1, 2 glass enamels from these surface morphology characteristics.
PZBC1 sintered glass enamel at 933 K for 30 min respectively have pseudo-cellular structures (hereafter, cellular regions) resembling those found on the surface of hydrophobic leaves. 33 ), 34) Thus, hydrophobicity increases when the glass crystallizes. PZBC1 glass enamel's surface structure looks like lotus leaf surface structure. In case of lotus leaf's hydrophobic property is induced its surface structure shape.
The reason of PZBC2 exhibited lower contact angle than PZBC1 is because increase of the nanostructures size and reduced fraction of intergranular surface voids under the water drop. As previously demonstrated, a higher fraction of empty space below the water drop produces an increased contact angle, making the surface more hydrophobic. 33 ),34) However, the contact angle with water never exceeded 90°, which is the general standard for hydrophobic materials. This is thought to be because of the strong hydrophilic nature of phosphate glasses, as previously described.
Conclusion
The purpose of this study was to analyze the crystallization mechanism and hydrophobic properties as a function of the amount of precipitated CeO 2 for the development of cerium borophosphate glass having hydrophobic functionality. The crystallization kinetics of a P 2 O 5 B 2 O 3 ZnOCeO 2 glass was studied by non-isothermal DTA and XRD. The DTA curves exhibited well-defined crystalline phases and XRD revealed the presence of two crystalline phases are BPO 4 (Peak 1) and CePO 4 (Peak 2).
The calculated values of the local activation energies for the growth of BPO 4 respectively. The crystallized fraction (») values ranged from 0 to 1 and the Avrami constant (n) values were µ2 in BPO 4 crystalline phase. This indicates that bulk crystallization is dominant. Whereas in CePO 4 crystalline phase had Avrami constant (n) values µ1. This indicates that surface crystallization is dominant.
When CeO 2 was added to the phosphate glass, the surface energy of the glass is reduced. The reason for this is that adding CeO 2 which acts as network modifiers breaks Phosphate chain, POP bonding, and forms CeOP bonding. For these reasons, PZBC0 glass enamel couldn't induce the hydrophobic characteristics of CeO 2 . Therefore, the initial prediction that hydrophobic characteristics of CeO 2 will promote hydrophobic properties in borophosphate glass enamel was not proven.
Hydrophobic property increases when the glass crystallizes. And then PZBC2 exhibited lower hydrophobicity than PZBC1 owing to the increase in the size of the nanostructures and the corresponding reduced fraction of intergranular surface voids under the water drop. As previously demonstrated, a higher fraction of empty space below the water drop increases the contact angle, making the surface more hydrophobic. In addition, the increase in surface roughness occurring by the crystallization of the glass frit increased the hydrophobicity of the surface through the analysis of hydrophobicity and surface characterization.
